Significant progress has been made in the field of cancer immunotherapy, where the goal is to activate or modulate the body's immune response against cancer. However, current immunotherapy approaches exhibit limitations of safety and efficacy due to systemic delivery. In this context, the use of nanotechnology for the delivery of cancer vaccines and immune adjuvants presents a number of advantages such as targeted delivery to immune cells, enhanced therapeutic effect, and reduced adverse outcomes. Recently, gold nanoparticles (AuNP) have been explored as immunotherapy carriers, creating new AuNP applications that merit a critical overview. This review highlights recent advances in the development of AuNP mediated immunotherapies that harness AuNP biodistribution, optical properties and their ability to deliver macromolecules such as peptides and oligonucleotides. It has been demonstrated that the use of AuNP carriers can improve the delivery and safety of immunotherapy agents, and that AuNP immunotherapies are well suited for synergistic combination therapy with existing cancer therapies like photothermal ablation.
Introduction
Cancer immunotherapy is a promising treatment modality that is a subject of ongoing and extensive study. The goal of this treatment approach is to stimulate the host immune system to detect and eradicate cancer cells, which have developed numerous mechanisms of evading immune recognition. For example, tumor cells down-regulate expression of surface antigens and of co-stimulatory molecules, thus reducing T cell recognition and stimulation. 1, 2 Tumor cells also secrete immunosuppressive cytokines such as IL-10 and TGFβ, creating an environment that is not conducive to dendritic cell (DC) maturation. 1, 2 In addition, they are capable of producing factors such as TRAIL and FasL, which induce apoptosis in T cells. 1, 2 Finally, cancerous tissue can also attract a number of immune suppressive cell types to the tumor microenvironment. These cells include tumor associated macrophages (TAMs), regulatory T cells (T reg ), and myeloid derived suppressor cells (MDSCs). TAMs have been shown to promote cancer progression through the release of cytokines that induce angiogenesis, metastasis, and cell growth and can produce antiinflammatory signals that suppress immune effectors such as natural killer cells and T cells. [3] [4] [5] T regs can suppress various immune cells, including cytotoxic T cells and DCs; this suppression occurs through cell to cell contact and T reg expression of inhibitory molecules such as cytotoxic lymphocyte antigen 4 (CTLA-4) and programmed cell death ligand 1 (PD-L1). 6 MDSCs originate from the bone marrow and are composed of immature myeloid cells and precursors of cells such as macrophages, granulocytes, and dendritic cells. This population is expanded in a number of tissues in tumor bearing mice, including the liver, lungs, spleen, peripheral blood, and the tumor microenvironment, and it can suppress T cell activity as well as promote the development of T regs.
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Targeting these immune suppressive populations as well as stimulating immune effector cells against tumors is a major goal of cancer immunotherapy. 10 As reviewed by Vanneman et al., combining immunotherapies with targeted molecular treatments is a particularly promising approach. 10 Agents such as sunitinib (Sutent®), a small molecule receptor tyrosine kinsase inhibitor, and cetuximab (Erbitux®), a chimeric (mouse/human) monoclonal antibody that inhibits EGFR, induce immune anti-tumor responses that could be complemented with immune therapies such as cancer vaccines. For instance, cetuximab has been shown to promote dendritic cell maturation and NK cell mediated tumor killing and is currently being tested in combination with a pancreatic cancer cell vaccine. 10 In turn, the delivery and efficacy of immunotherapeutic agents and molecular therapies can be enhanced through the use of nanotechnology. Nanoparticles are well suited for delivery of immune therapies such as vaccines or adjuvants because they preferentially accumulate within tissues and cells of the immune system. [11] [12] [13] [14] Moon et al. discuss a number of nanoparticle mediated immunotherapies that have been explored recently, demonstrating how nanoparticle delivery can improve therapeutic effect and reduce systemic toxicities. 15 Various designs have been explored, including polymeric poly(lactic-co-glycolic acid) (PLGA), liposomes, gelatin based nanoparticles, and AuNPs. For example, Kwong and colleagues showed that liposomes could deliver the immune stimulatory CpG oligonucleotide and anti-CD40 antibody, inducing an enhanced anti-tumor response without causing a systemic increase in inflammatory cytokines typically associated with these treatments. 16 Gelatin nanoparticles have also been used to simultaneously deliver the ovalbumin antigen and the CpG adjuvant, demonstrating enhanced effect and reduced toxicity. 17 Recently, AuNPs have been applied in immunotherapies, including cancer antigen and immune adjuvant delivery. [18] [19] [20] [21] [22] [23] AuNPs are a promising carrier for immune therapies because, like other nanoparticles, they easily accumulate in the immune system. 12, 13 In addition, AuNPs are bioinert, can be functionalized with drugs and other ligands, and can also be easily tuned to a desired size or shape. Importantly, however, AuNPs, have unique optical properties that can be exploited for immune therapies, particularly their applications in photothermal ablation and light triggered drug delivery. [24] [25] [26] In this review, we discuss the most recent understanding of the biodistribution and immune interactions of AuNPs. In addition, we discuss their unique optical properties and how photothermal therapies can be used for immune applications. Finally, we review their recent use in immunotherapy, including drug and gene delivery studies. Overall, the multiple functionalities of AuNPs make them promising vehicles for immune therapies, particularly for combinatorial treatment approaches that target multiple immune pathways (Figure 1 ).
Biodistribution and immune response
The blood clearance and organ accumulation of AuNPs in vivo is affected by various factors such as particle size, shape, charge, and coating. 12, 13, 27, 28 In general, smaller particles circulate in the blood longer and distribute more widely than larger particles, and surface coating with polyethylene glycol (PEG) can reduce opsonization and uptake by the reticuloendothelial system. For instance, Zhang and colleagues have shown that 20 nm PEGylated AuNPs accumulate in the liver and spleen to a lesser extent than 80 nm particles and that a higher percent dose of the 20 nm particles reaches the targeted tumor site. 29 The group postulates that smaller particles permit a more dense coating on the particle surface. Similarly, Perrault et al. have reported that AuNP blood half-life increases with decreasing particle size and increasing PEG molecular weight. 30 Recently, however, Larson et al. have shown that the PEG on the AuNP surface can be displaced with cysteine and cystine present in the blood, thereby causing protein absorption and macrophage uptake. The group improved upon the typical PEG design by adding an alkyl linker between the PEG and the thiol that binds to the gold surface, thereby reducing PEG displacement and macrophage uptake. 31 A number of groups have investigated the mechanisms of AuNP uptake by various cell types as well as the particle characteristics affecting such uptake. Recently, Liu and colleagues characterized the effect of particle charge on AuNP uptake in both phagocytic and nonphagocytic cells. 32 Positively charged particles were taken up to a much higher extent by nonphagocytic cells than negatively charged ones. On the other hand, particle charge had little effect on uptake by phagocytic cells. The particles in non-phagocytic cells were localized to secondary lysosomes and formed small aggregates while the ones in phagocytic cells were found in phagosomes, indicating that non-phagocytic cells take up particles through clathrin-mediated endocytosis while the phagocytic ones take them up through phagocytosis. 32 Franca et al. further elucidated phagocytic cell uptake by characterizing the uptake of AuNPs 30 nm and 150 nm in diameter. 33 Both particle sizes could be phagocytosed, but the group found that clathrin mediated pinocytosis could induce uptake of 30 nm particles but not 150 nm ones. Scavenger receptor mediated phagocytosis was a major factor in 150 nm AuNP uptake. Nevertheless, inhibition of clathrin and calveolin mediated pathways did not completely block AuNP uptake, indicating that there are other pathways involved, and elucidating such mechanisms merits further study. 33 Upon uptake, studies have shown that particles can retain in the body for extended periods of time. For instance, Sadauskas et al. observed gold retention within macrophage clusters in the liver over a 6 month period. 34 Balasubramanian et al., in turn, observed high gold content in the liver and spleen of rats after 2 months. 35 In general, smaller particles excrete more readily from the body than larger particles because the smaller size facilitates renal and hepato-biliary clearance. 27, 35, 36 Zhang et al. exploited this characteristic to develop glutathione (GSH) coated gold nanoclusters that demonstrated low retention in the liver and spleen and high renal excretion. 37 As opposed to bovine serum albumin (BSA) coated nanoclusters that aggregated to a size between 40 and 80 nm and showed approximately 1% urine excretion, the GSH protected clusters remained between 5 and 30 nm in size and showed 36% urine excretion. 37 Nevertheless, despite such design changes, AuNPs inevitably accumulate in high concentrations in the liver and spleen, and as such, it is important to understand how AuNPs interact with the immune system. Research on the immune effects of gold nanoparticles is still in its infancy, but a number of in vitro and in vivo reports are noteworthy. Yen et al. examined AuNP effects on macrophages in vitro and concluded that AuNPs can induce proinflammatory cytokine expression in a size dependent manner. 38 Other groups, however, have found that AuNPs can inhibit IL-1β mediated inflammatory responses 39 and toll like receptor 9 (TLR9) responses, 40 also in a size dependent manner. These studies looked at particles in the 2 to 50 nm size range and found that the smallest particles (< 5 nm) had the highest impact on immune response. Kim and colleagues observed that oligonucleotide conjugated 13 nm AuNPs increased expression of innate immunity genes associated with inflammatory and defense responses in human peripheral blood mononuclear cells. 41 Interestingly, they did not obtain the same results when testing the AuNPs on the 293T cell line, suggesting that assessing immunological and toxic impacts of AuNPs on immortalized cell lines as opposed to primary cells may yield differing results. 41 Moyano et al., in turn, analyzed how the immune system would react to 2 nm AuNPs of varying hydrophobicity, and the group determined that the more hydrophobic nanoparticles would induce higher expression of inflammatory cytokines by mouse splenocytes. 42 Tsai et al. found that 13 nm AuNPs could bind to the immune suppressive TGF-β1 protein secreted by murine bladder tumor 2 cells (MBT-2) in a time and dose dependent manner in vitro. 43 The absorption of the cytokine to the nanoparticle surface also induced a conformational change that reduced the biological activity of TGF-β1, thereby reducing epithelial-mesenchymal transition of murine mammary gland cells in vitro. Finally, the group demonstrated that AuNPs could inhibit tumor growth when MBT-2 cells were implanted in mice in the presence of AuNPs, The particles were shown to reduce the systemic concentration of TGF-β1 as well as the concentration of the immune suppressive cytokine IL-10. In addition, tumors implanted in the presence of AuNPs showed higher infiltration of CD4 + and CD8 + T cells. Overall, their results demonstrate that AuNPs can attenuate TGF-β1 signaling and subsequently promote an anti-tumor immune response. 43 Further studies on AuNP interactions with other immune modulating cytokines can potential yield new immune therapeutic applications for AuNPs.
Similarly, Niikura et al. recently explored the size and shape effects of gold nanoparticles on inflammatory responses in vitro and in vivo. 23 Their study showed that antigen coated 40 nm spherical and cubic gold nanoparticles induced secretion of cytokines such as TNFα, IL-12, and IL-6 in bone marrow derived dendritic cells (BMDCs) while 20 nm spherical particles and 36×10 nm gold nanorods did not. 23 In addition, the 40 nm spherical AuNPs induced higher antigen specific antibody production after intraperitoneal injection in vivo than antigen alone or antigen coated particles of different designs ( Figure 2 ). Overall, the group concluded that AuNPs can act as a vaccine adjuvant in a size and shape dependent manner. 23 On the other hand, Chen et al. observed that 21 nm spherical gold nanoparticles inhibited TNFα expression in adipose tissue of mice after intraperitoneal injection, thereby indicating an anti-inflammatory effect of AuNPs. 44 The immune response to AuNPs may therefore be tissue dependent, as well as particle size and shape dependent, and future studies should expand upon these findings.
Bartneck and colleagues assessed the immune modulatory characteristics of AuNPs by characterizing their effect in a hepatitis disease model. 45 The group determined that, depending on nanorod surface coating, the particles could polarize liver macrophages to an inflammatory or anti-inflammatory state. For instance, nanorods coated with PEG and linked to the RGD tripeptide induced an anti-inflammatory M2 polarization characterized by IL4 expression in hepatic macrophages, while nanorods coated with the GLF tripeptide promoted the inflammatory M1 polarization characterized by TNFα expression. 45 Both nanorod designs ultimately worsened liver injury in an acute hepatitis model, emphasizing the importance of understanding immune reactions to gold nanoparticles when applied in a disease context.
The differing results regarding the inflammatory or anti-inflammatory effects of AuNPs merit further consideration. The anti-inflammatory effects on TLR9 and IL-1β responsiveness appear to be mediated by AuNP interactions with proteins that modulate these pathways. Tsai et al., for instance, indicate that AuNPs can inhibit TLR9 signaling by binding to high mobility group box-1 (HMGB-1), an important regulator of that pathway. 40 Sumbayev et al. suggest that AuNPs bind directly to IL-1β, thereby inhibiting its downstream signaling. 39 The cause of AuNP inflammatory effects is less clear, and studies should ensure that endotoxin contamination does not influence the results. 46 Vallhov et al. demonstrated that AuNPs with low endotoxin contamination showed only minor maturation effects on dendritic cells while contaminated AuNPs induced expression of co-stimulation markers and cytokine expression. 46 In their study on macrophage uptake, Franca et al. demonstrated that the nanoparticles had low endotoxin content (<0.005 EU/ml) and found that these particles did not induce pro-inflammatory cytokine release in macrophages. 33 Therefore, it is important that inflammatory findings account for the presence of endotoxin and that the potential inflammatory or anti-inflammatory effects of AuNPs be rigorously evaluated.
Overall, although the distribution and immune modulatory activity of gold nanoparticles in vivo can potentially induce inflammatory or anti-inflammatory side effects, these properties can also be manipulated for immune therapy applications, such as vaccine and immune adjuvant delivery. In the following sections we explore the unique characteristics of gold nanoparticles and how they have been used for immunotherapy and what future applications could be explored.
Optically responsive AuNPs for immune applications
AuNPs have unique optical properties that can be manipulated for diagnostic and therapeutic applications. 24, 26 Importantly, light can excite free electrons on the surface of the nanoparticle and induce surface plasmon resonance, or a collective oscillation of the electrons. For photothermal therapy (PTT), the nanoparticles can be tuned by varying size and shell thickness to absorb incident light in the near infrared range. Within this range, light can penetrate healthy tissue and be absorbed by the nanoparticles, which then heat up and destroy the nearby cancer cells. 26, 47 In addition to PTT, a number of thermal treatments and related therapies for cancer currently exist or are in development. These include radiofrequency ablation, cryoablation, photodynamic therapy and magnetic nanoparticle hyperthermia. Treatment with heat can induce death through different pathways, depending on temperature and duration. In general, heat treatments between 41 and 47 °C induce apoptosis in cancer cells while treatments above this range induce necrosis. 48 Although heat treatments have generally focused on local tumors, studies have shown that these treatments can induce a tumor specific immune response. [49] [50] [51] This response is mediated by the release of antigens and heat shock proteins from dying tumor cells, which are then captured by dendritic cells (DCs) and other antigen presenting cells (APCs). The immune system can subsequently mount a response against cancer cells in distal, untreated sites.
A number of nanoparticles have been designed for PTT, including hollow gold nanoshells, gold silica nanoshells, and gold-gold sulfide nanoparticles, the characteristics of which have been previously reviewed. 47, 52 The use of AuNPs for PTT was pioneered by the Halas and West groups, demonstrating that PTT could eradicate mouse tumors and enhance survival. 25, 53 Although gold nanoparticle PTT is effective, it is limited to accessible sites and is not currently applicable in metastatic disease. Yet, the immune response following PTT has not been thoroughly studied and can potentially be enhanced to treat distant sites not accessible by PTT. A recent study on immune modulating properties of this treatment was tested in vitro. 54 Nguyen and colleagues found that tumor cell necrosis following gold nanoshell thermal treatment in vitro caused the release of damage associated molecular patterns (DAMPs) such as ATP and uric acid, but this release did not induce stimulation of macrophages. 54 A related in vivo study used AuNPs as immunotherapy delivery vehicles but did not assess the effects of PTT. In this study Visaria and colleagues used TNF conjugated gold nanoparticles to promote the antitumor activity of hyperthermia. 55 The group shows that TNF pre-treatment enhances the damage caused by hyperthermia, and they posit that TNF treatment induced inflammatory pathways that caused vascular damage at the tumor site. 55 Although this method promoted tumor death at the local site, its efficacy in treating distant tumors was not demonstrated.
Bear et al. assessed the systemic effects of PTT in a melanoma model, and observed that PTT can promote a tumor specific immune response against a distant, subcutaneous B16-ovalbumin (B16-OVA) tumor. 56 This response was mediated by the infiltration of CD4 + helper T cells and CD8 + cytotoxic T cells (CTLs). However, the response was also marked by a significant increase in myeloid derived suppressor cells (MDSCs) at the distant site and at the spleen compared to mice that did not receive treatment. In addition, PTT was followed by a systemic increase in inflammatory cytokines such as IL-6 and IL-1β, as well as an increase in factors such as GM-CSF and G-CSF. Such findings suggest that PTT can produce immune stimulatory and immune inhibitory effects that could be exploited in the treatment of metastatic disease. In this study, Bear and colleagues combined PTT with adoptive T cell therapy and found that the combination therapy could inhibit metastatic tumor growth to a greater extent than either treatment alone. 56 Other potential combination treatments include the use of PTT in conjunction with other immune modulatory agents such as drugs, oligonucleotides, or proteins. In delivering such agents, the optical properties of AuNPs could again be exploited. For instance, Dreaden et al. developed macrolide-coated, NIR tuned gold nanorods to target macrophages and stimulate their response against breast carcinoma cells in vitro. 57 This nanorod design could potentially be used to better target tumors in vivo and as a combination therapy of PTT and immunotherapy. 57 Gold nanoparticles have also been used for thermally controlled release of DNA molecules and chemotherapy drugs. [58] [59] [60] [61] Yavuz and colleagues developed doxorubicin encapsulating gold nanocages coated with a thermally responsive polymer that would change conformation upon heating. 61 The nanocages were tuned to absorb light in the NIR range and would heat up upon light exposure, thereby releasing the encapsulated drug. 61 Similarly, You et al. employed doxorubicin loaded hollow gold nanoshells to apply a PTT and chemotherapy combination treatment in vivo, demonstrating that the combination was more effective than either treatment alone and that it reduced the systemic toxicity of doxoxrubicin. 62 This combination therapy could potentially be applied in a metastatic disease model, as the effects of both the drug and the thermal treatment could induce a systemic immune response against distant, untreated sites. Doxorubicin has been shown to cause immunogenic cell death in cancer cells, 63 an effect that could be exploited in favor of anti-tumor vaccines and other immunotherapies. 64 Ultimately, the inflammatory response, antigen release, and immunogenic apoptosis caused by a combination of PTT and doxorubicin could prove to cause a potent immune response against metastatic cancer sites.
The ability to construct thermally responsive AuNPs that carry nucleic acids also opens a range of combination treatment possibilities. Lu et al. developed siRNA carrying hollow gold nanospheres that were tuned to absorb light in the NIR range. 59 The group postulated that the siRNA was released due to the collapse of the particles upon heating and due to breaking of the thiol bond holding the siRNA to the particle (Figure 3) . The siRNA was specific for the NF-κB p65 subunit, and Lu et al. showed that this molecule could be specifically silenced only in tumors that were irradiated with NIR light. As such, nonspecific delivery of the siRNA to non-irradiated organs such as the liver and spleen did not cause downregulation of the molecule. 59 Still, the release of nucleic acids from AuNPs can be further refined, as demonstrated by Poon et al. 58 In their work the group showed that double stranded DNA release from gold nanoshells could be tuned using laser power and conjugation strategies so as to release single stranded DNA by denaturation as opposed to double stranded DNA by breakage of the thiol bond. 58 The ability to release nucleic acids from AuNPs may be promising for immune therapies, as thermal ablation or light triggered release could be combined with delivery of nucleic acid immune adjuvants such as toll like receptor (TLR) agonists. For example, the CpG oligonucleotide adjuvant has been conjugated to gold nanoparticles, and it has been demonstrated that AuNPs enhance the effect of CpG in vitro and in vivo. 18, 19, 22 65 A number of treatment modalities using AuNP-mediated delivery of immunotherapeutic agents have been devised, all of which could potentially be combined with the optical and thermal properties of these nanoparticles. The following sections will discuss recent advances in AuNP mediated delivery of immunotherapies and their potential implications for future studies.
Gold nanoparticle mediated adjuvant delivery
AuNPs are regarded as efficient nanocarriers as they are inert, chemically robust and able to protect molecules like antigens (Ag) and cytokines from degradation. 66 AuNPs can be functionalized with molecules that modulate dendritic cell (DC) and T-cell activation, or induce humoral responses. 67, 68 Furthermore, AuNPs can be scaled to be less than 100 nm in diameter, allowing for efficient passive delivery of conjugated molecules to DCs residing in the lymph nodes (LNs). 67 AuNP mediated immunotherapy includes a wide variety of treatments that stimulate different cellular pathways.
In the normal biological environment, inflammatory cytokines or pathogens produce danger signals for immune cell activation. Vaccines, for example, mimic this behavior through the use of natural or synthetic adjuvants. 66 The goal of adjuvants is to activate the immune system, often to prime it for a subsequent immunotherapy. As discussed above, AuNPs alone have been shown to stimulate the immune system and thus provide attractive candidates for adjuvant delivery. For example, Bastus et al. showed that 10 nm AuNPs conjugated with two peptides stimulated macrophage activation as evidenced by induction of TNF, IL-1β, IL-6 and NO, while the macrophages did not recognize the peptides or AuNP alone. 69 Similarly, Fallarini and co-workers functionalized 2-5 nm AuNPs with disaccharides modeled after the Neisseria meningitides bacterium and found that these particles induced macrophage activation, T-cell proliferation and increased IL-2 production. 68 As aforementioned, several groups have investigated AuNP mediated CpG delivery. CpG molecules are short DNA sequences that mimic bacterial DNA and thus stimulate immune cells via interaction with TLR9, found in the endolysosomal compartments of cells. 70 AuNPs and CpG constructs highlight the benefits that nanoparticle delivery provides for immunotherapy since AuNPs are rapidly uptaken by endolysosomal compartments of phagocytic immune cells, where CpG is active. Wei et al. took 15 and 30 nm AuNPs and formed a self-assembled layer of thiolated CpG to investigate the immunostimulatory effects of AuCpG particles. The group found that AuCpG induced TNFalpha and IL-6 production, confirming that the bioactivity of CpG is not altered by the AuNP carrier. Furthermore, they found that the AuNP carrier makes the system much more efficient, with 15-fold more TNF secretion stimulated by 30-fold less CpG. 22 Lin and colleagues recently published a study evaluating different AuCpG designs in vitro and in vivo. The group developed a triethylene glycol (TEG) modified CpG functionalized AuNP, resulting in inhibition of tumor growth compared to free CpG. Lin also found that the smaller 15 nm AuNP cores resulted in more immune stimulation compared to 30 and 80 nm cores. 19 Of note, Tsai et al. showed that when bare AuNPs were co-delivered with CpG-ODNs, the AuNP competed for highmobility group box-1 binding, resulting in inhibited CpG-mediated TLR9 function. 40 Therefore, by binding CpG to the surface of AuNPs, such competitive binding can be avoided, and the AuNPs can in turn facilitate access of CpG to TLR9.
In another adjuvant delivery approach, cytokines like tumor necrosis factor (TNF) can be functionalized on AuNPs. Paciotti et al. conjugated thiolated polyethylene glycol (PEG-SH) and recombinant human TNF onto 33 nm AuNPs, and delivered the particles intravenously in human prostate tumor-bearing mice, where rapid uptake was shown within 4 hours in the MC-38 colon carcinoma tumors with minimal reticuloendothelial system (RES) uptake. 71, 72 Paciotti and Myer showed that conjugating TNF onto the AuNP resulted in maximal antitumor responses with lower doses of TNF and decreased off-site toxicity compared to TNF alone. The biocompatibility of the particles was proposed to be due to PEG-SH, which allowed the particle to avoid detection and clearance by the RES, thus allowing accumulation in the solid tumor. 71 Goel and co-workers continued this work, reaching phase 1 clinical trials in 2005 under the name CYT-6091 (Aurimune™) for 29 enrolled patients with solid tumors that were not responsive to traditional therapies. The therapy showed the highest reported systemically administered TNF dose in humans without adverse effects beyond controllable fever, more than 3 times the maximum tolerated dose previously reported. Phase 2 clinical trials will evaluate combination treatment with CYT-6091 and conventional chemotherapy for non-resectable tumors. 73 CYT-6091 has also been used as a vascular disrupting agent in conjunction with cryosurgery or hyperthermia, and a synergistic antitumor response was shown that was greater than the sum of either treatment alone. 72, 74 
Gold nanoparticle cancer vaccines
In addition to molecular adjuvants, vaccines are one of the major cancer immunotherapy approaches pursued due to their specific, strong and persistent immune response. 23 However, one of the large drawbacks for cancer vaccines is the weak immune-stimulating capacity of tumor antigen to overcome tumor load and to induce potent humoral and cellular immunity. 18 Several groups have investigated AuNP vaccines for their ability to deliver a large payload and for their size tunability. 23, [75] [76] [77] Arnaiz et al. have used this approach recently in an HIV model. The group used 1.8 nm AuNPs functionalized with clusters of gp120, an HIV Ag. The clustering of various gp120 structural motifs on the AuNP surface served to mimic the presentation of oligomannosides by HIV to DCs, resulting in endocytosis by DCs and inhibition of HIV infection in T cells. Such a biomimicry approach could be implemented in a cancer immunotherapy application to improve DC targeting and uptake of AuNP vaccines by utilizing multivalent presentation of Ag. 78 Lin and colleagues used 30 nm AuNPs functionalized with selfassembling modified PEGs and tumor-associated antigen peptides as a cancer vaccine platform. The AuNP construct, termed gold nanovaccine (AuNV), was fabricated by a facile one-pot synthesis, with a final particle that was less than 80 nm in diameter and able to carry large doses of peptides. The AuNV particles were tested in vitro for their ability to stimulate splenocytes as measured by an IFN-γ enzyme-linked immunosorbent spot assay (ELISPOT). The ELISPOT assay evaluated Ag-specific CD8 + CTL IFN-γ secretion, which highly correlates to anti-tumor immunogenicity. Lin et al. found that the AuNV particles were able to stimulate T cells at approximately four-fold efficiency compared to free antigen peptide. The design was also shown to be highly antigen specific and biocompatible. 20 Recent work in the delivery of cancer vaccines using AuNPs has investigated the use of sub-10 nm AuNPs for needle-less vaccination. Small AuNPs have been shown to be skin permeable with the ability to migrate into the deep layers. Huang and colleagues posit that this penetration of the skin barrier is facilitated by interaction with extracellular skin lipids that result in transient openings in the stratum corneum (Figure 4 ). 79 Huang utilized 5 nm AuNPs coadministered with a protein Ag, OVA, and showed a robust immune response in mice as measured by anti-OVA IgG levels and compared to controls with free OVA protein administered topically and injected intramuscularly. Thus, future studies using small AuNPs functionalized or even simply co-delivered with tumor antigens or peptides may facilitate the use of topically administered vaccines. 79 Co-delivery of adjuvants with vaccination has proven to be a highly effective and synergistic approach. [80] [81] [82] [83] The goal of dual vaccine-adjuvant therapy is to elicit a strong, antigen specific CTL response as well as induction of antibody responses to existing tumors. New approaches have explored the co-delivery of both adjuvant and vaccine molecules on one gold nanoparticle delivery vector. Lee and colleagues investigated a dual vaccine-adjuvant delivery system by conjugating 7 nm AuNPs with red fluorescent protein (RFP) as a model Ag and CpG 1668 as the adjuvant ( Figure 5 ). The particles were delivered three times at one-week intervals via footpad injection in B16F10 melanoma tumor-bearing mice. The particles accumulated in proximal lymph nodes where they interacted with DCs, resulting in significant antitumor activity and potent induction of Ab production through a Th1-mediated pathway. Of note, the vaccine was also shown to prevent lung metastasis due to the potent T cell response. 18 The group concluded, similar to Arnaiz et al., 78 that AuNP systems that mimic viral properties with respect to size, geometry and antigen presentation are attractive vaccine candidates due to their improved LN accumulation and interaction with APCs. Furthermore, the addition of an adjuvant can activate DCs and induce T-cell responses. 18 Cruz et al. developed a targeted construct where a synthetic peptide-based vaccine for androgen-responsive prostate cancer was grafted onto the surface of 10-25 nm AuNPs and targeted specifically to the Fc receptor (FcR) of human DCs in vitro. 66, 67 The peptide consisted of luteinizing hormone-releasing hormone (LHRH) in tandem with a T-helper epitope tetanus toxoid fragment (TT) and a C-terminal Cys residue to facilitate dative binding on the AuNP. The goal was to induce an "anti-self" immunity to LHRH by modifying the target molecule on a synthetic peptide immunogen, LHRH-TT. Their results showed a strong immune response compared to non-targeted AuNP-LHRH-TT constructs and naked antigen. 66 The TT fragment was shown to be an important contributor to inducing a T-cell response, 66 and DC targeting was shown to prevent antigen dispersion in the bloodstream, thus increasing DC antigen uptake and nearly doubling CTL proliferation in vitro. 67 In another dual vaccine-adjuvant approach, Brinas et al. conjugated 3-5 nm AuNP cores with tumor associated glycopeptide antigens, thiolated spacers and a B cell activating protein adjuvant at different sites. The group found that mice immunized with these particles produced both IgM and IgG isotypes against each glycopeptide Ag, and that the vaccines with a carbohydrate Ag were more effective than those with 2 contiguous disaccharides. 84 This again highlights the utility of designing multivalent AuNP particles to accomplish multiple immune stimulating goals.
In addition to the aforementioned studies, there exist many other AuNP mediated delivery approaches. One emerging example is the use of immune cells as a targeted delivery system, where cells like macrophages, T cells, or DCs are loaded with AuNPs. For instance, Choi et al. fed macrophages gold nanoshells composed of a 60 nm gold core and 27 nm silica shell, and found that the macrophages were able to deliver the nanoshells to the hypoxic center of tumor spheroids, resulting in more significant photoinduced tumor reduction. 85 Kennedy and colleagues demonstrated that T cells can be expanded ex vivo and efficiently loaded with 45 nm AuNPs without affecting T cell function or viability, as measured by migration and cytokine production. The group showed the AuNP-loaded T cells were able to migrate to tumor sites in a human tumor xenograft mouse model and that the targeting improved 4-fold with the T cell delivery system. This approach of AuNP loaded immune cells has numerous applications in cancer immunotherapy such as PTT. 86 
Gene therapy
Gene therapy presents another method that can be tailored to cancer immunotherapies wherein genes are introduced to initiate tumor death or immune activation. There exist a wide range of genes and vectors that have been implemented in clinical trials with successful outcomes. 87 AuNPs have been used successfully in many gene therapy applications, and are still being actively investigated. [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] For example, DNA vaccines can be designed to deliver genes encoding tumor-associated antigens, cytokines, or other molecules in order achieve adoptive immunity. 98 Many early DNA-based cancer vaccines were motivated by ballistic DNA delivery methods. Mahvi et al. used a plasmid encoding for a cytokine, granulocyte-macrophage colonystimulating factor (GM-CSF), to transfect resting tumor cells. They accomplished this by coating gold particles with DNA and using a gene gun to transfect tumor cells, followed by exposure to irradiated cancer cells. This method of vaccination resulted in 58% of mice being protected from tumor challenge compared to 2% of the controls. 99 Cassaday et al. continued this work to create a complete DNA vaccine with one gene to induce expression of an immunogenic tumor associated Ag (TAA), and a second gene to stimulate APCs. They chose gp100 and GM-CSF, respectively. The results of this approach only yielded a modest immune response, and further studies will be taken to induce stronger anti-tumoral T cell immunity. 100 DeLong et al. used a novel approach where nucleic acids were complexed with protamine and attached to gold particles for delivery by gene gun. The particles were tested by delivering plasmid DNA encoding Hepatitis B core (cAg) and surface Ag (sAg). They demonstrated that Au-protamine-DNA conjugates resisted physical and chemical degradation and retained DNA vaccine structure and function in mice, as determined by enzyme-linked immunosorbent assay (ELISA) analysis of several Ags, IFN-gamma, and IL-4. 101 Furthermore, these particles illustrated chemotherapy functionality.
Unfortunately, DNA-based vaccines are limited in potency due to their inability to spread in vivo. 102 Several groups have explored different transfection routes to overcome this limitation. Hung and co-workers sought to addressed the issue by delivering a gold particle DNA vaccine with a fusion of VP22, an HSV-1 protein that is known to increase intercellular transport, and a model Ag, HPV type 16 E7. DNA-coated AuNPs were injected to the abdominal region of mice once a week for 2 weeks for the vaccination. One week later, mice were challenged subcutaneously with tumor cells in the right leg and monitored. 102 By incorporating the VP22 protein, Hung showed a 50-fold increase in Agspecific CD8+ T cell precursors in vaccinated mice with E7-expressing tumors due to enhanced spreading and major histocompatibility complex (MHC) class I presentation of Ag and potent antitumor activity. Cheng and co-workers expanded upon this by evaluating a dual immunotherapy and antiangiogenesis gold particle DNA vaccine for the treatment of systemic tumors at multiple sites. In this approach, they developed a DNA vaccine encoding calreticulin (CRT) linked to HPV-16 E7 and determined that the N domain of CRT elicits the largest E7-specific antitumor immunity and antiangiogenic effects. 103 Cytokine based immunotherapy approaches were used by groups such as Wang et al., who utilized gold particle mediated gene transfer to transfect tumors directly with a plasmid encoding IL-12. 104 In this study, the cytokine encoding DNA was delivered in conjunction with an oral melanoma vaccine and the authors found that oral mucosa is among the most suitable tissues for gene gun mediated transfection. The production of IL-12 by the tumor resulted in suppressed tumor growth and improved survival. 104 In contrast to the ballistic gene gun methods, Noh et al. showed that 1.4 nm cationic AuNPs resulted in enhanced intramuscular delivery and transfection with a plasmid encoding IL-2 compared to polyethylineimine (PEI), and with less cytotoxicity. 105 Similarly, Zhou and colleagues showed that 1.9 nm AuNP conjugated with chitosan were able to deliver a plasmid encoding Hep B Ag via intramuscular injection and successfully immunized mice against challenge. 106 Both of these examples highlight the ease with which existing AuNP vectors can be translated to cancer specific immunotherapy applications.
Future Outlook
AuNPs have numerous functionalities that can be harnessed for effective cancer immunotherapy. The photothermal properties are particularly important and can be combined to enhance the effect of other treatments such as cytokine, vaccine, or adjuvant delivery. The physiological changes that result from thermal treatment warrant further investigation so that they can be exploited for combination treatments, as has been recently accomplished with chemotherapy 107 and adoptive T cell therapy. The inflammatory response generated by PTT itself can be manipulated to enhance cell therapies and vaccine treatments, but the ability to enhance delivery of immune modulating agents following thermal pre-treatment is particularly promising. For instance, von Maltzahn et al. used gold nanorods to thermally treat tumors and induce a coagulation cascade. Subsequently, doxorubicin-loaded liposomes targeted to the coagulation transglutaminase FXIII honed into the local coagulation of the tumor, delivering a 40 fold higher dose of doxorubicin than nontargeted controls. 107 Similarly, Gormley et al. used heat to enhance the delivery of polymers to a tumor site by targeting them towards heat shock proteins which were overexpressed at the tumor following gold nanorod mediated thermal treatment. Untargeted polymers were eliminated from the tumor site while the targeted polymers were retained at the site for up to 12 hours. 108 In a separate study, the group also determined that heat pre-treatment could increase the delivery of untargeted polymers by 1.5 fold, as the polymers could penetrate deeper into the tumor tissue. 109 Given these findings, AuNP mediated thermal therapy could be used to promote the delivery of targeted nanoparticle vehicles carrying a number of immune modulating agents such as cytokines or oligonucleotides. 110 The enhanced delivery in addition to the inflammatory response to PTT can promote systemic immune effects for the treatment of metastatic disease as well as vaccination from future tumor recurrence. In fact, Jackaman and colleagues have shown that treatment of a primary tumor with a combination of IL-2 cytokine and CD40 agonist can induce an immune response against distant, untreated tumor sites. 111 Similarly, Fransen et al. demonstrated that local slow release of anti-CD40 antibody at a primary tumor site induced a tumor specific CTL response against distant tumors. 112 Such therapies and other immune modulatory agents have been formulated in nanoparticles, 15, 16 which could be targeted to thermally treated tumors as was accomplished in the von Maltzahn and Gromley studies. [107] [108] [109] The physiological and inflammatory response to heat treatment could then potentially both promote delivery and enhance the immune response that results from the immune stimulatory agents.
No nanomaterial is without limitations, however, and AuNPs are no exception (Table 1) . Unlike some nanomaterials, AuNPs are non-biodegradable and non-porous and thus are not ideal for time released delivery of drugs and small molecules. Another consideration with the use of AuNP therapeutics is that imaging and PTT is hindered by penetration depth.
More importantly, the pharmacokinetics and biocompatibility of AuNPs is altered upon surface modification with ligands and thus each variant of AuNP agent must be characterized in a clinically relevant oncology model. For instance, their effect on normal, malignant and immune-modulating cells should be well studied during preclinical development. 113 However, the benefits of gold make AuNPs particularly well suited for cancer immunotherapies and there is no sign of waning interest in this versatile nanomaterial 114 .
Future work should focus on combination strategies and on new nanoparticle designs that can facilitate the combination of drug delivery and photothermal therapy. Recently, for example, Nam et al. developed 10 nm AuNPs that respond to the acidic tumor microenvironment and are able to both release doxorubicin from the surface and aggregate to form AuNP clusters in a pH-responsive manner. The AuNP clusters can then absorb light in the NIR range and be used for PTT. Such a nanoparticle, as well as the aforementioned polymer nanocage design developed by Yavuz et al., 61 could prove promising for AuNP mediated immunotherapies.
Conclusion
AuNPs are widely studied nanocarriers that have been tested for a number of cancer treatment applications, including drug and gene delivery and photothermal therapy. AuNP in vivo biodistribution has been thoroughly characterized, but the nanoparticles' effect on the immune system has only recently been explored. Their applications in immunotherapy have great potential, and promising results in vaccine and adjuvant delivery have been reported in recent years. Furthermore, the optical properties of AuNPs create combination treatment possibilities that exploit the inflammatory and coagulation responses to thermal therapy. Future work should explore the development of AuNP combination treatments to induce a systemic, tumor specific immune response in the context of metastatic disease. Applications of gold nanoparticles in cancer immunotherapy. AuNPs enhance antibody production in vivo when compared to antigen delivery alone. Spherical, 40 nm AuNPs were the most effective design. Reproduced with permission from Niikura et al. 23 
Figure 3.
Hollow gold nanoshells can be irradiated with NIR light to cause particle collapse and release of conjugated siRNA. Reproduced with permission from Lu et al. 59 AuNPs coated to deliver protein antigen and CpG oligonucleotide adjuvant. Reproduced with permission from Lee et al. 18 Table 1 Advantages and limitations of AuNPs as a cancer therapy platform. 
